hance its capacity to sustain the needs of the world's population has become paramount. We will increasingly require ecological knowledge to utilize and sustain the Earth's resources. Although the needs for new knowledge and for the application of existing knowledge are increasing, the means to accomplish these goals are decreasing due to the limitation of available funds. Tough decisions need to be made concerning what to fund and what not to fund.
Against this background it is essential to make clear that basic research is the foundation on which informed environmental decisions must rely: the greater are the applied needs, the more important becomes basic research. If this point is not made clear, narrowly based applications will carry the day. Unless the science of applied ecology is based on a sound foundation, attempts to manage the environment are bound to fail. The greatest advances in ecological understanding have come from the creative fertility of investigators, carrying out basic research motivated by intellectual curiosity. It is critical to examine how best to nurture the development of this basic substructure, and to train the ecologists of tomorrow.
The dilemma of increasing needs in the face of decreasing means, and the challenge to identify priorities, set the stage for the Ecological Society of America to lead its members into a period of introspection, in which the whole realm of ecological activities would be examined. The present study is the centerpiece of that analysis. It identifies those endeavors that were deemed most ur-research objectives. The document also lays the groundwork for improving the communication and application of ecological knowledge.
The criteria used to evaluate research priorities were (1) the potential to contribute to fundamental ecological knowledge, and (2) the potential to respond to major human concerns about the sustainability of the biosphere. Based on these criteria, the SBI proposes three Research Priorities: * Global Change, including the ecological causes and consequences of changes in climate; in atmospheric, soil, and water chemistry (including pollutants); and in land-and water-use patterns * Biological Diversity, including natural and anthropogenic changes in patterns of genetic, species, and habitat diversity; ecological determinants and consequences of diversity; the conservation of rare and declining species; and the effects of global and regional change on biological diversity * Sustainable Ecological Systems, including the definition and detection of stress in natural and managed ecological systems; the restoration of damaged systems; the management of sustainable ecological systems; the role of pests, pathogens, and disease; and the interface between ecological processes and human social systems.
RESEARCH RECOMMENDATIONS
Each of these research priorities requires a different type of action. Existing national and international initiatives address aspects of the first two priorities. However, the success of these programs will require increased emphasis on key ecological topics.
RESEARCH RECOMMENDATION
#1: Greater attention should be devoted to examining the ways that ecological complexity controls global processes.
Within the topic of global change, insufficient attention has been paid to the ways in which ecological complexity controls global processes. Such key factors as species and habitat diversity, patterns of distribution of ecological assemblages, and differences in the productivity and storage capabilities of different types of ecosystems all influence how the biosphere functions in the Earth system.
#2: New research efforts should address both the importance of biological diversity in controlling ecological processes and the role that ecological processes play in shaping patterns of diversity at different scales of time and space.
Within the topic of biological diversity, much of the current effort is devoted to enumerating the species in various habitats and to preserving biotically significant sites. These important efforts lay the groundwork for the research proposed here and must be continued, but two vitally important topics must also be addressed. First, it will be necessary to discover to what extent patterns of biological diversity are important in determining the behavior of ecological systems (e.g., responses to climate change, rates of nutrient flow, or responses to pollutants). Only when these relationships are known will it be possible to develop management strategies for maintaining natural and human-dominated ecological systems. Second, it will be necessary to understand how ecological processes interact with physical and chemical factors to control or determine biological diversity. Doing so will require investigation of the manner in which individual species interact with and are modified by the abiotic environment on both ecological and evolutionary time scales. RESEARCH RECOMMENDATION #3: A major new integrated program of research on the sustainability of ecological systems should be established. This program would focus on understanding the underlying ecological processes in natural and human-dominated ecosystems in order to prescribe restoration and management strategies that would enhance the sustainability of the Earth's ecological systems.
Plans for comprehensive programs in the areas of global change and biological diversity are more advanced than those in the area of sustainable ecological systems. Research programs exist to develop specific sustainable natural resources (e.g., sustainable forestry or sustainable agriculture). However, current research efforts are inadequate for dealing with sustainable systems that involve multiple resources, multiple ecosystems, and large spatial scales. Moreover, much of the current research focuses on commodity-based managed systems, with little attention paid to the sustain-ability of natural ecosystems whose goods and services currently lack a market value. Addressing the topic of sustainable ecological systems will require integration of social, physical, and biological science.
IMPLEMENTATION
Successful implementation of the SBI will require a significant increase in interdisciplinary interactions that link ecologists with the broad scientific community, with mass media and educational organizations, and with policy-makers and resource-managers in all sectors of society. This document recommends specific actions that will begin to develop such links and initiate the first steps of the SBI. The action items that follow will be initiated by the Ecological Society of America, but will require broad support and participation by other groups and individuals, ranging from federal and state funding agencies and other scientific societies to policy-makers, leaders of business and industry, and concerned citizens.
Research component of the SBI
Initiation of the research component of the SBI will involve coordination with ongoing programs as well as initiation of new programs. A series of workshops is proposed to bring ecologists together with experts from related disciplines in the natural and social sciences and with resourcemanagers and environmental policy-makers to develop projects for immediate action. ACTION ITEM #1: During the coming year, an organizing committee of the Ecological Society of America will plan workshops with the goal of coordinating the SBI with current research efforts on global change and increasing research on the role of ecological complexity in global processes. ACTION ITEM #2: During the coming year, an organizing committee of the Ecological Society of America will plan workshops with the goal of developing an initiative on biological diversity that focuses on the ecological causes and consequences of patterns of biological diversity. ACTION ITEM #3: During the coming year, an organizing committee of the Ecological Society of America will plan workshops with the goal of initiating a comprehensive program on sustainable ecological systems, emphasizing the underlying ecological processes that affect the sustainability of natural and managed systems.
Education component of the SBI
The environmental conditions that have mandated the Sustainable Biosphere Initiative also demonstrate the need for ecological education among citizens of today and tomorrow. Understanding and managing the biosphere requires ecological information. There are many strategies for addressing educational needs, such as working with the mass media to increase public awareness of ecological concepts and issues, making ecological literacy a goal of undergraduate curricula, and developing more interdisciplinary graduate degree programs that involve topics necessary for understanding the biosphere. The following action items represent the first steps in addressing these needs.
ACTION ITEM #4:
During the coming year, the Research Agenda Committee of the Ecological Society of America will oversee the preparation and publication of a non-technical, public education document that articulates the importance of ecology and ecological research to society.
ACTION ITEM #5:
During the coming year, the Education Section of the Ecological Society of America will develop systematic, short-and long-term strategies for enhancing ecological knowledge among students and the public.
Moreover, the Ecological Society of America should determine the human resources needed to conduct the ecological research proposed by the SBI and should develop specific vehicles to address the identified needs, including training grants and career development awards.
Environmental decision-making component of the SBI
Thousands of ecologically based decisions are made annually by policy-makers and regulatory agencies, land-and water-use planners, resourcemanagers, business and industry, consulting firms, and conservation groups. To be useful to decision-makers, ecological information must be both accessible and relevant to their mandates and responsibilities. Therefore, the application of ecological knowledge will require better communi-cation between ecologists and decision-makers in all sectors of society. The experience of management-oriented professional societies in setting environmental priorities will be essential to open new avenues of communication.
ACTION ITEM #6: During the coming year, an organizing committee of the Ecological Society of America will begin to explore ways in which ecologists can become more responsive to and bring their expertise more fully to bear on critical environmental problems. This committee will work closely with management-oriented professional societies, resource-managers, and other environmental decision-makers.
International dimensions of the SBI
The framework for this Initiative was developed in North America, but the research priorities and the environmental problems related to them are important world-wide.
ACTION ITEM #7:
During the coming year, the Ecological Society of America will organize a meeting of leading ecologists from many nations of the world to evaluate the SBI and to begin construction of an operational framework for international cooperation.
At the same time there will be efforts to interact with governmental (e.g., UNESCO) and non-governmental (e.g., the International Council of Scientific Unions, ICSU) international bodies that have programs closely related to the research agenda of the SBI.
Funding the SBI
Meeting the financial needs of the SBI will require significantly increased funding from both public and private sources. Because of the broad importance of this Initiative, creative approaches to funding research will be required. Typically, public agencies such as the National Science Foundation fund basic research, mission agencies fund research that applies to problems of specific interest to the agency, businesses fund research to answer pressing industry questions, and foundations fund topics or themes of particular interest. The SBI encompasses all of these missions, and as a result, must be planned and funded by a range of agencies and organizations.
Current administrative structures are insufficient to coordinate and fund the range of activities envisioned by the SBI. Consequently, it will be necessary to develop a new administrative structure that allows many agencies to support the integrated research program. To accomplish the needed coordination and funding, a variety of vehicles should be considered, including a new or existing interagency committee, a new national institute, or other administrative arrangements. This new organization would further develop research priorities within the SBI, coordinate funding strategies, and establish and implement procedures for evaluating the research progress of the Initiative.
In constructing new interdisciplinary and interagency approaches, it will be particularly important to preserve the opportunity for creativity and innovation. The cornerstone of the SBI should be investigator-initiated, peer-reviewed research conducted by individual investigators or multidisciplinary research teams. ACTION ITEM #8: During the coming year, the Ecological Society of America will initiate discussions to develop an innovative framework to coordinate and fund the SBI. Emphasis will be placed on enhancing opportunities for investigator-initiated, peer-reviewed research in the context of coordinated programs that would fund both individual investigators and multidisciplinary research teams.
The ecological research agenda proposed in this document begins with the assumption that advances in understanding basic ecological principles are required to resolve many urgent environmental problems, continues with the identification of three priority areas for intense research efforts, and concludes with actions to be initiated by the Ecological Society of America to strengthen and expand research efforts in these key areas. The success of the Sustainable Biosphere Initiative will depend upon (1) the willingness of individual ecologists to participate in the proposed activities, to disseminate the vision of the SBI, and to plan and execute subsequent phases, and upon (2) the vision and abilities of policy-makers, funding agency administrators, government officials, business and industry leaders, and individual citizens to support, amplify, and extend the actions we have initiated. At present, neither the funding nor the infrastructure in this country is sufficient to address the research needs described in this document. Moreover, achievement of a Sustainable Biosphere will require not only the acquisition of ecological knowledge via research, but also the communication of that information and understanding to all citizens and the incorporation of that knowledge into environmental, economic, and political decisions. Although there are formidable barriers to accomplishing these tasks, achieving a Sustainable Biosphere is one of the most important challenges facing humankind today. Time is of the essence. New technologies, widespread appreciation for the magnitude of environmental problems, and an increasing appreciation for the relevance of basic ecological research combine to provide an unprecedented opportunity to make significant progress in achieving a sustainable biosphere.
I. INTRODUCTION
Environmental problems resulting from human activities have begun to threaten the sustainability of Earth's life support systems. Among the most critical challenges facing humanity are the conservation, restoration, and wise management of the Earth's resources. Citizens, policymakers, resource-managers, and leaders of business and industry all need to make informed decisions concerning these resources. Ecological knowledge is one critical facet of the information required for making complex environmental decisions. Ecological understanding and knowledge are urgently needed to detect and monitor environmental changes, to evaluate consequences of a wide range of human activaties, and to plan for the management of sustainable ecological systems. New interdisciplinary connections will be required to conduct the needed research, to educate scientists and the public, and to ensure that the special expertise of ecological science is available to environmental decision-makers in all sectors of society. In response to these national and international needs, the Ecological Society of America proposes the SUSTAINABLE BIO-SPHERE INITIATIVE (SBI), a framework for the acquisition, dissemination, and utilization of ecological knowledge to ensure the sustainability of the biosphere. In this document, we define the scope of, and develop the rationale for, this Initiative.
Many of the environmental problems that challenge human society are fundamentally ecological in nature. The human population now numbers 5.2 billion, and is increasing at a rate approximating 1.8% each year. The growth of this population and its increasing resource use are exerting tremendous pressure on Earth's ecological systems. As a result, Earth's life support systems are changing, and their ability to sustain human society is being degraded rapidly. The sustained productive capacity of the Earth is at risk, as evidenced by the increasing difficulties in managing solid and toxic wastes, rapid rates of deforestation and watershed destruction throughout the world, high rates of species extinction caused by human activities, and changes in the atmosphere, such as increases in tropospheric trace gases and depletion of stratospheric ozone. Many environmental problems, particularly those involving hunger, disease, and sustainable resource use involve patterns of resource allocation as well as total resource availability. As the world's population expands, as demands for the reallocation of scarce resources continue, and as developing nations' standards of living change, the effects of human activities on the Earth's resources will grow at even faster rates. cases, ecological research can elucidate the links among populations, communities, and ecosystems, and between the abiotic and biotic realms.
The establishment of new interdisciplinary connections will facilitate the advancement of ecological understanding and help make ecological knowledge more accessible to the public and to environmental decision-makers (Fig. 1) . Advances in the physical, chemical, biological, or social sciences are interdependent. Just as fundamental discoveries in ecology may depend on data or techniques derived from other scientific disciplines, information on the role of ecological processes in the physical or chemical environment, or in social systems, can contribute to advances in other fields. However, the acquisition of new ecological knowledge will be insufficient to address the Earth's environmental problems unless that information can be disseminated and used. In addition to improved programs for teaching ecology in the traditional educational context, increased interaction between ecologists and the media is needed to enhance public awareness and understanding of ecological approaches and principles. Moreover, interactions with environmental decision-makers in the public, private, and non-profit spheres must be facilitated. A forum is needed for discussion of the ecological information most critically needed to solve specific environmental problems and of how best to disseminate ecological information to decisionmakers.
Within the field of ecology, the SBI calls for advances in research, improvements in education, and enhanced application of fundamental ecological knowledge in environmental decisionmaking (Fig. 2) . This document focuses primarily on the research component of the SBI. In it we identify the ecological research programs of highest priority and recommend the steps required to pursue the research objectives. The educational and environmental decision-making components of the SBI require further development to identify needs, set priorities, and make recommendations for the communication and application of ecological knowledge.
THE SUSTAINABLE BIOSPHERE INITIATIVE
The research component of the SBI is the primary focus of this document. The criteria used to evaluate priorities for this research were (1 the potential to contribute to fundamental ecological knowledge, and (2) the potential to respond to major human concerns about the sustainability of the biosphere (Fig. 3) .
Based on these criteria, the SBI proposes three Research Priorities: * Global Change, including the ecological causes and consequences of changes in climate; in atmospheric, soil, and water chemistry (including pollutants); and in land-and water-use patterns. * Biological Diversity, including natural and anthropogenic changes in patterns of genetic, species, and habitat diversity; ecological determinants and consequences of diversity; the conservation of rare and declining species; and the effects of global and regional change on biological diversity. * Sustainable Ecological Systems, including the definition and detection of stress in natural and managed ecological systems; the restoration of damaged systems; the management of sustainable ecological systems; the role of pests, pathogens, and disease; and the interface between ecological processes and human social systems.
The last of these three priorities-the sustainability of ecological systems-is one of the greatest challenges facing human society, yet it is the one that has received the least attention to date. We strongly endorse efforts already under way to address problems of global change and biological diversity. Moreover, we call for a greatly accelerated and expanded effort toward developing sustainable ecological systems. Although ecologists have unique knowledge and skills that allow them to conduct research on these topics, interactions with other disciplines are necessary for a truly comprehensive approach to urgent environmental problems. Studies of global change, for example, cut across many fields, including ecology, atmospheric chemistry and physics, oceanography, hydrology, and geology, as well as human demography and economics. Likewise, to address issues of biological diversity, ecologists must collaborate with taxonomists and conservation biologists, policy-makers, planners, political scientists, and economists. Finally, sustainable human use of Earth's resources will require new alliances between ecology and other disciplines, such as resource management; agronomy, forestry, soil science, and other environmental sciences; epidemiology and demography; economics and planning. Ecology, in many ways an interdisciplinary science itself, will play a critical role in accelerating the development of new interdisciplinary approaches to the study of these environmental problems.
An initiative of the magnitude we envision will transcend traditional institutional boundaries and will involve innovative new collaborative pro-grams. In constructing expanded interdisciplinary and interagency approaches, it will be particularly important to preserve the opportunity for creativity and innovation. Thus, the cornerstone of the SBI should be investigator-initiated, peerreviewed research. The SBI is not the work for a single agency; interagency cooperation, perhaps through a coordinating committee or a new institute, will be essential to achieving the objectives. Moreover, coordination with national and international agencies and institutions outside the United States will ultimately be required.
The primary message of the SBI is that advances in understanding basic ecological principles are required if environmental problems are to be resolved. The three seemingly distinct priorities -understanding the consequences of global change, understanding and conserving biological diversity, and assuring a sustainable futureshare a common, ecological foundation, i.e., an understanding of the structure, functioning, and resiliency of natural systems. This document shows these links and indicates the fundamental ecological research needed to address the priorities. In this document, we explore the ecological principles and questions from which the priorities were selected, i.e., intellectual frontiers in ecology (Section II), and ecological knowledge re-quired to help solve environmental problems (Section III). Subsequent sections highlight the research priorities and key research topics needed to address the priorities (Section IV), the major research recommendations of the SBI (Section V), and an action plan for further developing the SBI (Section VI).
II. INTELLECTUAL FRONTIERS IN ECOLOGY
Intellectual frontiers serve as one starting point (Fig. 3) for identifying research priorities. These frontiers are firmly grounded both in those ecological problems that are linked to specific levels of biological organization (Appendix A), and in those problems that cut across these levels (Appendix B).
Ecology has developed from a largely descriptive science to one that also includes analytical, experimental, and comparative approaches, and employs sophisticated laboratory, field, and remote sensing techniques. A growing body of ecological theory addresses the principles that govern the regulation and organization of populations and communities in space and time, and the interaction of biotic and abiotic components of the environment. New tools, including remote sensing, computational approaches, molecular and isotope analyses, and global-scale models, afford the opportunity to discover new ecological phenomena and to study known phenomena at previously inaccessible spatial and temporal scales. (See National Research Council 1 989c for a more comprehensive treatment of new opportunities in ecology.)
In this section, we present an overview of interesting, exciting questions in ecology, arranged from individual-and evolutionarily based questions to those involving the interplay between the biotic and abiotic components of ecosystems. Several criteria were used in the decision to highlight these specific research questions. First, these questions are synthetic. Understanding what controls population dynamics is a central question in ecology and one that also lies at the core of a remarkable diversity of applied issues. These include the management of harvested populations (e.g., fisheries), the spread of agricultural pests and human disease, the persistence of endangered species, the success of deliberate introductions of exotic or genetically engineered organisms, the possible accidental and undesirable spread of those organisms, and restoration ecology.
The mathematical theory of population dynamics, involving periodic and chaotic behavior, threshold behavior, and multiple equilibria, has seen great advances in the past 15 yr. Theories abound, and the challenge is to link these theories to data by relating individual performance and population dynamics. Considerable work is under way on individual-based models aimed at replacing classical phenomenological approaches with mechanistic models that will allow a basis for extrapolation beyond historical experience. * How does the internal structure of a population affect its response to various stresses? The dynamics of a population are affected fundamentally by its internal structure, including its age, stage, and genetic structure, and its spatial distribution. Classical population dynamic theories have tended to view populations as lumped aggregates of identical units, except for the explicit treatment of genetic structure in evolutionary theory. Yet other aspects of population structure have been shown to be critical in understanding coexistence of species, population fluctuations, the spread of disease, and other critical phenomena. In recent years, attention has turned to developing methods to incorporate demographic and spatial structure into population models, setting the stage for important advances. * What are the consequences of environmental variability, including natural and anthropogenic disturbance, for individuals, populations, or communities? A fundamental concept in ecology states that environmental variation can promote coexistence among genotypes or species. Recent theoretical and empirical results have refined this concept and identified conditions that relate environmental variation to long-term community stability or change. These results have directed attention to the specific ways environmental fluctuations affect populations; the effect of environmental variability upon species interactions; and intra-and interspecific differences in response to environmental variation and to biotic factors such as competition, predation, or mutualism.
Activities Impacts and Stresses

III. ECOLOGICAL KNOWLEDGE REQUIRED FOR A SUSTAINABLE BIOSPHERE
Urgent environmental problems and their consequences for human well-being serve as a second starting point (Fig. 3) for identifying ecological research priorities. Human population growth and human activities have profound effects on the environment (Fig. 4) ; they contribute to global change, loss of biological diversity, and environmental degradation. Many anthropogenic environmental changes have deleterious consequences for human health and well-being. Because the science of ecology is devoted to understanding interactions between organisms and their environments, it is particularly appropriate for ecologists to focus on the complex relationships between humans and the biosphere (National Research Council 1989c, Roughgarden et al. 1989 , Raven 1990 , Edmondson 1991 . In this section, we consider some of the ecological knowledge needed to understand and to ameliorate the ecological impacts of human activities.
Among the many environmental problems facing humanity, three are particularly critical, and their solutions require ecological knowledge: global change, the maintenance of biological diversity, and the sustainability of natural and managed systems. These three topics represent different facets of ecological knowledge needed to achieve a sustainable biosphere, yet there is considerable overlap among them. For example, human activities and their ecological consequences alter processes of global change and, at the same time, have immediate local and regional effects on the sustainability of natural and managed systems. Biological diversity is affected by processes occurring at local, regional, and global scales. The SBI recognizes that common ecological processes govern the response of the biosphere to human activities. Therefore, common ecological principles are likely to be involved in the solution of environmental problems.
We discuss large-scale changes in land use, environmental chemistry, and climate in Section A (Ecological Aspects of Global Change), where we focus on interactions between the biosphere and the abiotic realm. In Section B (The Ecology and Conservation of Biological Diversity), we em- 
Box 1. Ecological Causes and Consequences of Global Climate Change
The biosphere both regulates and responds to the climate system through physical and chemical feedback mechanisms. An important challenge for ecologists is to understand processes that link species and ecosystems with climate and to predict ecological responses under climates that do not presently exist.
Ecological processes control the release and uptake of many greenhouse gases. Biological systems also exert control over hydrology and surface-energy balances, which are critical determinants of global climate. Albedo, evapotranspiration, soil moisture, and surface roughness are affected by the characteristics of terrestrial and marine biota. For example, certain groups of marine phytoplankton generate sulfate aerosols that act as cloud condensation nuclei. These may increase the extent of high-albedo cloud cover, altering the global radiation balance. Consequently, the composition of phytoplankton assemblages and the physical factors (e.g., upwelling) and biotic factors (e.g., competition or herbivory) that regulate the abundance and distribution of phytoplankton may play an as yet undetermined role in the global climatic system (Keller et al. 1989 ). Likewise, changes in vegetation canopy characteristics and evapotranspiration may influence regional and even global climate (Shukla et al. 1990 ). Thus, ecological studies that explicitly link biological and climatic processes will be useful in reducing the uncertainty in global climate models and in predicting the climatic consequences of human activities that alter ecological systems.
Ecological responses to climate change are complex. An important contribution of the paleoecological approach has been to document the relationship between climate change and biological communities of the past. Temperatures predicted for the next century (Jaeger 1988) are higher than any experienced by the Earth's biota during the last several million years, and the projected rates of change may be more than an order of magnitude faster than any global change in the past 2 million years. Major impacts will result from alterations in precipitation and disturbance regimes and in temperature extremes, as well as from changes in mean temperature (Dobson et al. 1989 ). Geographic shifts in climatic regime may occur faster than some species can disperse to new locations with suitable conditions (Davis 1986 , Graham 1986 ). Quaternary pollen records show that the compositions of plant communities have continuously changed in response to long-term climatic variations. Changes in animal ranges have occurred for many but not all species, leading to the formation of new species assemblages (Graham 1986 ). Recent research in population and community ecology suggests that changes in community composition are likely to result not only from direct abiotic limits to species' dispersal, establishment, or persistence, but also from alterations in complex interactions between species and their mutualists, competitors, predators, or pathogens. Prediction of the consequences of climate change will be improved by integrating studies of the current and past distributions of species with mechanistic studies of abiotic and biotic interactions.
Another likely long-term consequence of global climate change is modification of the genetic composition of populations and species. It is difficult to predict the effect of evolved resistance to particular stressors on overall stress-resistance of organisms. Many organisms that can rapidly evolve resistance to environmental toxins (Bishop and Cook 1982) are also likely to evolve rapidly in response to changes in climate and concentrations of greenhouse gases (Holt 1990 ). Selection for tolerance to heat or desiccation can quickly lead to the evolution of general stress-tolerant genotypes that are resistant to a variety of environmental stressors and that may have altered life history traits (Huey and Kingsolver 1989, Parsons 1989). In contrast, tolerance of certain stresses may increase the sensitivity of organisms to other stresses (Weis and Weis 1989). Ecological studies that predict how climate change might alter population size and migration would contribute to understanding the consequences of global change for genetic variability, genetic drift, and hence evolution, within populations and species. phasize the processes that affect biological diversity at several scales. Finally, we address localand regional-scale issues of sustainability in Section C (Strategies for Sustainable Ecological Systems), where we focus on environmental assessment, restoration, and management, including the interface between ecological processes and human populations. In each section, we define the scope of the issues and the significance of ecological knowledge for addressing the problems. In the boxes, we highlight immediate research needs that also suggest the key research topics discussed in Section IV (Research Priorities for a Sustainable Biosphere). The Earth's biota is both a source and a sink for many trace materials that have potential direct effects on ecological systems. Increasing concentrations of CO2 can directly influence terrestrial, freshwater, and marine systems. Effects of acid deposition on lake and river systems have been well-documented. Potential effects of nutrient loadings, pesticides, and industrial wastes on ecological processes in soils and estuaries have become an important research issue in recent years. Such effects are destined to become more important as human populations grow.
Studies are needed on the ecological factors controlling material fluxes on land and in freshwater and marine systems, as well as on the feedbacks and consequences of such changes to the functioning of ecological systems. For example, to address questions of the local impact of ozone generated by urban activities in temperate regions and by biomass burning in tropical areas (Andreae et al., in press), ecological studies are needed that link the effects of elevated ozone levels at physiological, population, community, and ecosystem scales. To predict the effect of high ozone levels on plant distributions, for instance, an interdisciplinary approach could link physiological studies on the relative sensitivities of plant species to ozone with ecological studies on how differential tolerance alters competitive relationships and susceptibility to herbivores or pathogens.
To address larger scale impacts of regional air, soil, and water pollution on ecological systems, multidisciplinary studies are needed of the effects of human activities on microbial processes, whole-ecosystem biogeochemical cycling, and emission of CO2 and trace gases to the atmosphere. Ecologists must address a variety of questions in collaboration with scientists from other disciplines to understand the fundamental processes controlling fluxes of materials and their effects on terrestrial, freshwater, and marine systems. gases and pollutants to the atmosphere. The potential consequences of altered atmospheric composition range from climatic warming and depletion of stratospheric ozone to enhanced biological productivity through C02-and nitrogen-enrichment, with subsequent alterations in population, community, ecosystem, and landscape processes. Human activities also divert and deplete surface and groundwater supplies and add toxic substances, wastes, and pollutants to lakes, rivers, and oceans, thus altering the productivity and biological diversity of freshwater and marine ecosystems. Although global change is often equated with greenhouse warming, it is clear that an ecological definition of global change also must include large-scale alterations in patterns of land and water use and anthropogenic changes in environmental chemistry, in addition to climate change. Changes in the Earth's ecosystems are both a cause and a consequence of altered global environmental conditions. To understand the complex feedbacks that link biota with air and water, ecological research is needed on the role of biotic and abiotic factors in controlling population dynamics, community structure, and biogeochemical cycles. The anthropogenic causes of global change in the hydrosphere, atmosphere, and climate lie in processes occurring at regional scales (e.g., water-diversions, burning of fossil fuels, deforestation, release of chlorofluorocarbons or other pollutants). However, the ecological consequences of global change may be felt first at the individual, population, and community levels.
For example, changes may occur in individual organisms (e.g., in altered photosynthetic rates, changed behavior, altered microbial activity) and in community structure, due to altered disturbance regimes and species interactions. Changes in both individual function and community structure may ultimately be expressed as changes in ecosystem function. Thus, biotic and abiotic interactions must be understood across different levels of biological organization and across different spatial and temporal scales.
Three interrelated, immediate needs exist for fundamental ecological research concerning global change:
* the ecological causes and consequences of global climate change (Box 1) * the ecological causes and consequences of changes in atmospheric, soil, freshwater, and marine chemistry (Box 2) * the impact of land-and water-use change on global and regional processes (Box 3).
Significance of ecological knowledge to understanding global change
Land-use change and other human activities have caused massive changes in the biosphere. Deforestation, soil depletion, contamination of air and water resources, and depletion of biological diversity have resulted in dramatic global change over the last century. The threat of climate change adds a new dimension to existing global problems resulting from human activities. The consequences of human activities directly and indirectly affect and are affected by ecological complexity-the diversity of species and habitats, the patterns of ecological assemblages on the landscape, and differences in the productivity and storage capabilities of ecosystems. Better ecological information will improve predictions of global changes that might result from continued alterations in land and water use and industrial activity. It will also better enable ecologists to predict the long-term consequences of global change for the Earth's resources and populations, providing a basis for better management choices.
Research on the ecological aspects of global change will contribute to basic ecological understanding of processes regulating the Earth's biota. Two fundamental ecological questions lie at the center of this research: What regulates the largescale dynamics of plant and animal populations? What regulates the fluxes of energy and materials (including nutrients and pollutants) within and between ecosystems? Answering these questions requires ecological studies of fundamental interactions among systems at different levels of biological complexity. New ecological understanding of these interactions will be significantly advanced by more collaborations between ecologists and scientists in other disciplines, including atmospheric science, soil science, oceanography, and environmental toxicology. Answering fundamental ecological questions and extending the scope of ecological knowledge will better enable ecologists to assist decision-makers in devising policies to anticipate, ameliorate, or respond to global change.
Advances in ecological science can contribute to societal decision-making by improving predictions of the global consequences of human activities that alter ecological systems. Ecological studies can elucidate biological processes that regulate ecosystem or climatic processes. The effects of biota on albedo or trace-gas emissions, for example, are not currently well understood. Accordingly, the predictive ability of global climate models would be improved by incorporation of more realistic ecological feedback mechanisms (Schneider 1988) .
Ecological advances will also contribute to improved prediction of the responses of the biosphere to the novel conditions expected as a result of global change. Improved understanding of how specific environmental changes affect species and alter species' interactions will better enable ecologists to predict how the distribution of species and communities and the magnitude of productivity will change as a result of natural or humancaused global change.
Theoretical and empirical studies are needed to understand the links among ecological responses at various levels of biological organization. For instance, information gained from physiological studies must be used to couple local and meso-scale models with large-scale climate models. Large-scale and longer term experiments, remote-sensing techniques, and large-scale data sets offer new opportunities for ecologists to synthesize their work at regional and global scales and to cooperate among disciplines.
Most Multidisciplinary studies at a variety of spatial and temporal scales will be necessary to address the effects of land-conversion and waterdiversion on (1) microbial processes in the soil, sediments, and water column; (2) physical characteristics of soils and sediments; and (3) the roles of physiological and ecological processes in the exchange of materials within and among the atmosphere, soils, and water (see Box 2). Such studies will be needed to evaluate the biotic and abiotic consequences of alternative land uses, including the relatively new sustainable approaches and the ever-increasing use of fertilizers.
global implications of the changing Earth. However, the relative research effort devoted to ecological and biological questions has been drastically underrepresented in many global change research programs.
Building on these earlier efforts, the SBI calls for increased participation by ecologists in planning and research in on-going programs, especially emphasizing the importance of ecological complexity in global processes and linking studies of global change with efforts to understand biological diversity and the sustainability of local and regional ecological systems.
B. THE ECOLOGY AND
CONSERVATION OF BIOLOGICAL DIVERSITY
The diversity of life on Earth constitutes a unique resource for future generations. The 1.4 million species of organisms identified and catalogued to date are only a small fraction of the 5 to 50 million species thought to exist. Human activities have profound consequences for biological diversity at many levels. Habitat destruction is the chief cause of the global extinction rate estimated to be approximately 17 500 species per year, or almost 0.1/% of the extant species per year (Wilson 1990 ). Regionally, species introductions and altered disturbances rates may favor increased local diversity, but habitat loss or modification, outbreaks of introduced or native species, and management of exploitable systems tend to decrease species richness and heterogeneity.
Because only a small fraction of the earth is protected in parks and reserves, and the human population is growing, the accelerated extinction of species and destruction of habitats will continue. Current efforts to conserve biological diversity have focused on diversity at the species level and on prevention of extinction. However, an ecological definition of diversity also must include ...............-.......... 
MO
NAD. -I  ATI'  .............. ....... ..... - both the genetic diversity necessary to maintain each species, and the diversity of communities and ecosystems that support them. The goal of preserving diversity at all levels-genes, species, and ecosystems-requires a better understanding of how ecological processes operating on different spatial and temporal scales interact. To resolve the most pressing issues concerning biological diversity, ecologists must * describe the global distributions of species and their associations and determine the factors that affect rates at which diversity changes (Box 4) * accelerate research on the biology of rare and declining species (Box 5) * determine the effects of global and regional change on biological diversity (Box 6).
Animal and plant populations continually face changes in climate, environmental chemistry, water-and land-use patterns, and fragmentation of habitats. Destruction of habitat leads directly to reductions in the size of breeding populations and loss of local genetic variability, both of which increase the likelihood of local extinction. However, these effects may be mitigated if landscape configurations permit the local loss of species or genetic diversity to be offset by immigration from nearby areas. Additionally, water diversion and increased pollution and sedimentation in streams, lakes, and estuaries often leads to degradation of valuable aquatic habitat and the consequent loss of biological diversity. Changes in land-use patterns also cause the natural and semi-natural habitats that harbor most biological diversity to be contiguous with intensely managed agricultural and industrialized urban areas. Although natural areas function as buffers around such managed ecosystems (Goselink et al. 1974 ), the proximity of natural and managed areas also means that natural populations are necessarily affected by agricultural, industrial, and other urban waste and by demand for resources (e.g., water). Thus, global and regional patterns of human activities need to be linked with descriptions of the abundance and distribution of species and communities and with intensive studies of the ecological processes that regulate diversity.
Synthesis of results from many subdisciplines of ecology will be needed to describe global and regional patterns of biological diversity, to determine the processes that maintain diversity, and to contribute to the conservation of biological diversity at all levels. Ecology has been characterized by numerous approaches and several distinct subdisciplines, such as physiological, evolutionary, community, ecosystems, or landscape ecology. Such variety is healthy and necessary for understanding the processes operating at different spatial and temporal scales that account for patterns of biological diversity. However, particularly challenging collaborative tasks lie ahead; for example, (1) fine-scale individual-based models (i.e., those that emphasize aspects of physiology, behavior, development, and genetics) must be integrated into more coarse-scale ecological models (i.e., those that emphasize population and meta-population structure, species assemblages, community structure, and ecosystem function), and (2) physical aspects of the environment must be incorporated into traditional biologically based studies of populations and species interactions.
Significance of ecology to the conservation of biological diversity
The challenges posed by global change, habitat loss and fragmentation, and species extinctions have the potential to stimulate significant advances in fundamental understanding of ecological processes. For instance, the primary focus of population and community ecology has been to elucidate the manner in which biotic and physical factors interact to account for the distribution and abundance of species. The threat of global change (see Section III A, Ecological Aspects of Global Change) now demands that ecologists extend theoretical and empirical studies in order to predict how populations and species will respond to the anticipated large-scale changes in climate and environmental chemistry. Changes in land and water use and fragmentation of habitat give impetus to studies on the interaction between landscape configuration (including aspects of the size, shape, isolation, and persistence of patches) and patterns of genetic and species diversity. The need to halt the extinction and decline of species directs attention to questions regarding the genetics of small population size; movement, colonization, and invasion dynamics; and the persistence of small populations when interacting with multiple competitors and predators or when establishing new mutualistic relationships. The search for solutions to such problems will stimulate the devel- ........ . ........ .........  U S  .. ... ... . .. .. ....... opment of every facet of fundamental ecological science. Ecologists are increasingly asked to justify the benefits of biological diversity compared to the human benefits that might be derived from economic development. Ecologists will be challenged over the coming decades to evaluate the Box 4. Biological Inventory An ambitious program of biological inventory is needed not only to catalog and map the world's major distributions of species and species associations, but also to link the pattern of distribution of species and habitats with natural and anthropogenic processes that affect biological diversity (Soul6 and Kohm 1989). This effort will require coordination among ecologists, systematists, and natural-resource biologists working across very different spatial and temporal scales-from ecosystem ecologists using remote sensing and broadbased landscape analysis to population biologists working on locally endemic, rare forms and genetic varieties. Such investigations will require the establishment of new and perhaps more finely tuned habitat-classification schemes based on multiple aspects of individual species, complex associations of species, and interactions between biotic and abiotic factors. Particular attention must be paid to associations between ecotones and patterns of global and regional biological diversity. An inventory of the world's biological diversity should also incorporate the work of systematists and population geneticists detailing phylogenetic relationships and that of paleoecologists describing the past distribution of species and communities and their responses to environmental change.
Analysis of speciation patterns offers clues to ecological processes that account for changes in biological diversity across broad geographic areas. For example, world-wide distributions often show "centers of endemism," local regions that are particularly rich in endemic species. Approximately 15% of the species in Costa Rica are endemic compared with only 1% in West Germany (Reid and Miller 1989) . Remote oceanic islands, such as the Hawaiian and Ascension Islands, show unique constellations of endemic flora and fauna. Patterns of endemism are important to study because endemic species are often rare and subject to higher probabilities of extinction. Accounts of the biological processes that lead to the formation of new species will help in establishing conservation and management programs for rare species. functional significance of genetic diversity, species diversity, and ecosystem diversity. The ability of ecologists to influence the debate on biological diversity will depend greatly on advances in understanding the functioning of natural systems and the significance of individual species in ecosystem processes. Because human resources are limited, society will weigh the costs of conserving diversity against the long-and short-term costs of its loss. Thus, there is also an urgent need (1) to forge new theory that explicitly incorporates economic as well as ecological principles, and (2) to conduct research on the economics of exploitation and conservation.
Advances in ecological research can contribute to the conservation of biological diversity. Studies of rare and declining species have immediate application in the design of natural areas and the development of management plans for their preservation. Although there is an obvious need to set aside and manage relatively undisturbed areas as preserves, the conservation of the vast majority of species must take place within the "semi-natural matrix" of forests, grazing lands, rivers, and estuaries (Brown 1988 in controlling eco-.......... ............  .................. Rare species. The study of rare species may yield different insights into ecological processes than would studies of more common species. Ecological studies have focused primarily on very common species, but most species are relatively rare. Geographically widespread species may be very uncommon locally. Alternatively, some species may be endemic to a very restricted locale, but may be quite abundant there. The Hawaiian silver sword, Argyroxyphium macrocephalus, for instance, is a plant that occurs only in the crater of Haleakala volcano, but is represented there by over 47,000 individuals (Rabinowitz et al. 1986).
Although rare or endemic species are in greater danger of extinction than are widespread, common species, many rare species show prolonged periods of stable persistence. Furthermore, many of today's common species were rare during the past. The ability of species to persist when rare depends on the interaction between species' life history traits and environmental conditions. The life history phenomena that underlie rare species' population growth and, consequently, the likelihood of long-term persistence are thought to be quite different from those of common species. Studies are needed to understand how life history patterns and other traits associated with different forms of rarity interact with environmental factors.
Declining species. The decline of widespread, common species potentially reflects large-scale or longterm environmental changes and is likely to have a large impact on the communities in which they occur. The decline of amphibian species has been associated with local habitat destruction, the introduction of predators, and consumption by humans. However, population declines have also occurred in the absence of these factors, suggesting that other factors such as pesticide pollution, acid rain, lowlevel increases in ultraviolet exposure, or climate change may be implicated in some cases (Blaustein and Wake 1990). Natural fluctuations may also account for the decline of some species. Because amphibians are major consumers of invertebrates and are eaten by many vertebrates and invertebrates, a decline of amphibians could have ecological consequences that extend throughout many ecosystems. A global inventory (Box 4) is needed to provide the long-term data and the comparisons with other taxa that are required to evaluate the status of declining species.
Evolutionary responses. Long-term evolutionary responses in species that are rare or declining depend upon the underlying genetic structure of constituent populations. Rare or declining species may often exist only as small, locally isolated populations that are subject to increased inbreeding. The determination of breeding structure, effective population size, and inter-population movement is essential for understanding the potential for persistence or recovery of such populations.
Strategies for preserving endangered species also will require information on the genetic and demographic constraints to adaptation in individual species. Evolutionary change depends on the pattern of variance in important traits and the covariance among essential traits, as well as on the rate of environmental change and the population size and age structure. New developments in the genetic theory of life history phenomena will be important in understanding whether populations can adapt to environmental change.
Colonization. Conservation programs may ultimately rely upon introducing endangered species into new habitats, necessitating increased research on the dynamics of colonization and invasion. What features of a species enable it to succeed as an invader or as a colonist? How does success as an invader depend on the network of interactions with species already present in the community? What conditions promote the establishment of early colonists? Ecological studies of the processes and factors that regulate both the number of species in a community and the dynamics of species replacements will help provide answers to these questions. logical processes, and (2) the complex suite of ecological processes that shape patterns of diversity. Such ecological studies would also contribute to understanding the processes underlying global change and the principles necessary for sustainable use of the biosphere.
C. STRATEGIES FOR SUSTAINABLE ECOLOGICAL SYSTEMS
Humans depend on natural and managed ecological systems for food, shelter, clothing, and clean air and water. As demands for the goods and services of the biosphere increase, so does the need to understand the complex array of interactions between humans and the biosphere. Ecological approaches to understanding environmental change increasingly will include the roles of humans both as agents of change and as populations responding to change.
Virtually every ecosystem on Earth has been influenced, to some extent, by the activities of humans. Effects range from the indirect influences of globally distributed pollutants on remote, uninhabited areas to the direct influence of activities that remove species, alter their distributions, or restructure entire landscapes. In addition, large areas of the Earth's surface are covered by ecosystems, such as agroecosystems and forest plantations, that have been designed and maintained by humans. Hallmarks of these managed systems are low species diversity; the infusion of large quantities of energy and nutrients to maintain them; and the extraction of additional energy, biomass, and nutrients. Many ecosystems are also used for recreation, for watershed management, or as reserves to maintain biological diversity.
As the human population continues to grow, it will place additional heavy demands on the earth's ecosystems. Even if the world's population equilibrated today, the pressure to increase the quality of the lives of existing people would tax the Earth's resources. To prevent or reverse the degradation of the resources of the biosphere, human use of those resources must be made sustainable. Advances in the political, social, and economic spheres, in agronomy and resource management, as well as in ecology are needed to work toward the goal of sustaining the biosphere (Brown 1989 ). The current generation of humans must accept the challenge to develop methods for deriving needed resources from the environment, and for making use of it in other ways, without compromising the ability of future generations to maintain themselves and to sustain their quality of life.
Box 6. Effects of Global and Regional Change on Biological Diversity
Ecologists are now being asked to predict the impact of climate change and changing land-use patterns on biological diversity (SoulE and Kohm 1989). How do changes in environmental chemistry, global temperature, patterns of precipitation and wind stress, or oceanic circulation affect population dynamics and global species diversity? What are the implications of increasing fragmentation of once large and continuous habitats? Ironically, most ecological models of population growth and species interactions focus almost solely on biotic rather than on physical factors such as temperature, precipitation, atmospheric or aquatic turbulence, or landscape configuration.
A renewed focus on the role of abiotic forces in structuring biotic assemblages is in order. Although nutrient concentrations and ratios have been included in models of both terrestrial and aquatic plant communities, these models often do not incorporate other factors such as solar radiation, temperature, and soil moisture. However, models of crop and forest production explicitly consider the influence of daily temperature and precipitation patterns on crop growth. These models could be used to predict the impact of climate change on short-term plant growth by incorporating the temporal patterns of temperature and precipitation derived from climate models. One of the great challenges will be to integrate similar fine-scale models with community and ecosystem models (e.g., forest-gap models) to predict the long-term consequences of climate change on biological diversity (Huston et al. 1988 ).
Human activities turn natural landscapes into mosaics of croplands, forests, and abandoned areas in different stages of succession. Many animal and plant species occupy a range of different habitat types in these complex landscapes and may exhibit different demographic characteristics in different habitat types. Greater attention must be paid to habitatspecific demography and life history phenomena as well as local adaptive changes in reproductive biology. We need to better understand the effects of landscape pattern (i.e., the sizes, shapes, and arrangement of habitat patches) on population size, dispersal, and diversity at the local landscape level. When suitable habitat is fragmented, the intervening habitat may impede dispersal to varying degrees. Therefore, the matrix between habitat patches, as well as the distance between the patches, may greatly influence the regional stability of populations, establishment of new populations, and long-term persistence of mobile species. Such matrix-dependent processes require ecologists to focus more attention on how the specific geometry of landscapes influences biological diversity (articles in Burgess and Sharpe 1981, Turner 1987 
Box 7. Indicators of Ecological Responses to Stress
Human activities induce stress in ecological systems by introducing pollutants, by altering landforms, and by directly adding or removing organisms. These activities indirectly affect species composition and alter interspecific interactions within the affected communities, ultimately changing the flux of natural and anthropogenic materials through the system (Levin et al. 1989) . To understand and ameliorate the effects of anthropogenic stresses on natural systems, research is needed on how different stresses affect the behavior and physiology of individuals, population and community processes, and ecosystem function within particular systems and among systems (Westman 1985) . In addition, the potential for interactions among multiple stressors requires further explication (e.g., Sheehan et al. 1984) . Required research includes detecting and quantifying patterns in space and time and explicating underlying mechanisms. Effects of abiotic factors on the biota have a long and distinguished history in ecological research. Many of the problems associated with restoration involve a poor understanding of how physical factors in degraded systems limit the establishment and growth of species. Physical factors may affect recovering populations directly. For example, attempts to restore mining spoil sites have been retarded because, following initial preparation, the soil collapses to a dense medium through which roots cannot easily penetrate (Rimmer 1982) . Physical factors may also affect species indirectly through their effects on interspecific interactions. Exposure to stress, for example, may alter the susceptibility of recovering plant populations to herbivory (Louda 1988 ).
Indicators. A major empirical problem is the defi-
In addition, population and community processes may have potent effects on ecosystem processes. Fluctuations in certain populations may reverberate throughout all trophic levels, causing changes in productivity, nutrient cycling, and fluxes of contaminants and pollutants. It is now apparent that the biogeochemical heterogeneity of continents has been structured significantly by animal population dynamics (Naiman 1988). Ecologists also recognize that animal population dynamics are coupled at continental and intercontinental scales Maurer 1989, Holling 1988) .
Basic research on the couplings between community processes and ecosystem functions is fundamental to progress on ecosystem restoration. Ecological research can provide a conceptual framework to guide ecological restoration projects and increase their effectiveness. To facilitate the development of such a framework, financial and institutional support is needed for research on a broad scope of community and habitat types and on all ecological aspects of restoration, from population genetics to ecosystem function. of managed systems so they are relatively selfsufficient, and restoration of damaged systems whose goods and services are essential to human well-being. Because unchecked growth of the human population and misuse of natural resources degrades the biosphere, sustainability also implies "consumption standards that are within the bounds of ecological possibility and to which all can aspire" (World Commission on Environment and Development 1989).
Natural systems provide a point of reference for defining and detecting environmental degradation (Box 7) and creating models for environmental restoration and management (Boxes 8 and 9 ). In addition, significant interactions link managed and natural systems at many scales. For instance, managed systems are often critically affected by "wild" species. They may be pests or pathogens that reduce productivity (Box 10), or they may play a beneficial role, serving as sources for recruitment in restoration projects, as essential symbionts of harvestable species (e.g., as pollinators or mycorrhizae), or as agents of biological control (e.g., as predators, pathogens, or competitors of pest species). Using knowledge gained from natural systems to generalize about processes in managed systems depends on ecological research that explicitly compares processes in natural and managed systems and that focuses on interactions at their interface.
Significance of ecological science to the development of sustainable ecological systems
Research aimed at developing ecological strategies for a sustainable biosphere will advance fundamental understanding of ecological processes. As in the past, applied ecological studies in human-affected systems will continue to make significant contributions to understanding basic ecological phenomena (e.g., population dynamics, Modeling. Ecological modeling is undergoing rapid advances and improvement. A new generation of models will incorporate the effects of physicochemical factors and community-level interactions to analyze the dynamics of managed populations or ecosystems. Management experiments offer the opportunity to develop, test, and improve models at scales ranging from individual organisms to ecosystems (Kitchell 1991) . Strong manipulations at the scale of management force "informative failures" of management models and lead to rapid identification of the models that perform best in a management context (Walters 1986 ).
Today, the discipline of ecology faces the challenges of enlarging ecological perspectives to include human values and needs and to identify the major ways in which managed and natural ecosystems affect each other's long-term well-being. If managed ecosystems are viewed as integrating a local community with farm, non-farm, and natural resource (forest, wetland, aquatic) sectors, then research is needed to examine interactions beyond the farm, forest, or park gate and the impact of social and economic forces (National Research Council 1990). A world so altered by human activity offers the opportunity and the challenge to expand the scope of the discipline of ecology. succession, predator-prey systems, and ecosystem processes). Increasingly, the need for extrapolation and generalization of ecological principles at scales similar to those of environmental assessment, restoration, and management will promote the development of theoretical and empirical approaches that link processes across scales. In addition, ecologists will be challenged to integrate human-induced perturbations (with their characteristic type, frequency, duration, intensity, and extent) into models of the effects of stress and disturbance on populations, species interactions, and ecosystem processes.
Ecological science can provide some of the tools needed to assess, restore, and manage Earth's life support systems. To define and detect environmental degradation, and to guide the restoration of ecological systems, studies are needed to link population-and community-level processes with ecosystem function. In addition, ecological studies are necessary to elucidate the role of biota in mediating the transport, fate, and effects of pol- ......................  ...........   ...........   ji   .. ...........   ............   .... ... Council 1989a, 1990) . The SBI proposes the formulation of an integrated research framework to coordinate existing research efforts and to initiate new research programs devoted to enhancing the sustainability of the biosphere.
IV. RESEARCH FOR A SUSTAINABLE BIOSPHERE: PRIORITIES AND KEY TOPICS
After considering intellectual frontiers in ecology and the ecological knowledge required to help solve urgent environmental problems (Fig. 3) , we Box 11. The Ecology of Disease Spread Recent efforts to refine ecologically based models of disease transmission are yielding new insights that will improve efforts to control human disease (Anderson 1989 ). These models, and related empirical studies, have identified several factors that have complex consequences for the transmission of disease in human populations .
The frequency and nature of contact between infected and susceptible individuals largely determines the spread of disease. Rural-urban migration, for instance, affects the probability of contact by changing both the movement patterns of individuals and population densities. Patterns of behavior may also influence the rate of spread of certain diseases (e.g., the number of partners in sexually transmitted disease). Interdisciplinary studies linking ecology, human demography, and social sciences can contribute to a better understanding of the role of migration and behavior in disease transmission.
Disease transmission often involves multiple hosts with complex life history patterns, as in schistosomiasis. Ecological life history analysis coupled with modern techniques for sensitivity analysis can identify sensitive links in the transmission cycle, resulting in better programs for eradication and control.
Disease transmission may also be regulated by intrinsic and extrinsic factors affecting the susceptibility of individuals. Susceptibility to infectious disease may vary with age, gender, race, genotype, or other intrinsic traits of individuals. Furthermore, extrinsic factors, such as malnutrition, exposure to toxic chemicals, or migration-induced stress may alter susceptibility to disease. By taking such ecological factors into account, the reliability of epidemiological models as tools for the management of public health will continue to improve (Anderson 1989) . Additionally, the ecological perspective-with its emphasis on population and evolutionary processes-increasingly will be integrated into immunological, human genetic, and environmental health perspectives on the spread of human disease.
have identified three research priorities (Fig. 5) global change, biological diversity, and the sustainability of ecological systems. These three priority areas are developed in Section III, where we define their scope, discuss their significance, and identify research needs. In the present section, we introduce key research topics that ad-dress the three priority areas and show the links among them. Research in each of these areas has the potential to advance the discipline of ecology and to produce essential information for solving environmental problems.
The three priority areas are interrelated. Because elements of the biosphere are naturally linked by ecological processes, a given human activity may have implications for all three areas.
For example, deforestation may alter regional climates by affecting the hydrological cycle, may reduce local species diversity by removing habitats and inhibiting dispersal, and may threaten the sustainability of fisheries by increasing sedimentation in streams within the watershed.
Moreover, the three priorities pose common challenges to the discipline of ecology. For example, implementation of each of these priorities
Box 12. Ecological Processes and Human Populations
No discussion of the Earth's environmental problem is complete without explicit consideration of the growth and shifting demographic patterns of the human population. As the world's population continues to expand, and as developing nations move toward standards of living that imitate those of the more developed nations, the effects of human population growth on the Earth's resources will accelerate. It is essential to consider the impact of increased economic demands for renewable and nonrenewable resources on ecological systems, and to recognize that humans are essential elements of the ecosystem we study.
The issues associated with population growth are broad, involving such factors as changes in per capita income and resource distribution; increasing pollution and environmental degradation; problems of health and poverty; the effects of urban, industrial, and agricultural expansion; and especially the integration of ecological and socioeconomic considerations. Even those factors that are primarily economic will have substantial environmental effects.
The human population now numbers 5.2 billion, and is increasing at the rate of approximately 1.8%/! yr. The average growth rate, however, masks disparities among populations of different regions and different nations. The change in demography from a situation of high birth rates and high death rates to one of low turnover, termed "demographic transition," has occurred in most of the developed world but has not occurred in most ofthe developing world. In much of the developing world, death rates greatly declined after World War II; however, birth rates in many cases increased and have only recently begun to decline. The ecological implications of demographic transition in a large number of developing nations have not been explored fully.
Today, many developed countries have replacement total fertility rates (TFR) of about 2.1, corresponding to the average number of surviving children a woman will have in her lifetime. Such a replacement pattern generates a stable population size. However, many developing countries have TFR's of 4 or more, implying rapid population growth. Efforts to reduce birth rates will require more information and expertise on interactions among human populations and resources. The social and economic constraints that prevent the appropriate and effective use of resources must also be understood.
The effects of human population growth on human health and welfare cannot be treated independently from issues of resource distribution and availability. Often increasing levels of poverty and disease in specific geographic locations can be attributed more to shifting patterns of agricultural production than to strict increases in population size. For example, in some regions of Central America shifts from domestic to export crop production contribute more to poverty and malnutrition than does increasing population growth (Durham 1979 ). An ecological analysis of human demographic patterns must incorporate the long-term effects of shifting patterns of resource availability and distribution along with the socioeconomic implications of these changing patterns.
There is a real need to bring ecological techniques, especially methods from population biology, to bear on the problems of human population growth. Such studies would require detailed investigations of human demographic structure, variation in growth patterns across different regions, implications of migrational patterns, and shifting age structure. These investigations must be related to studies on changing patterns of energy use, resource production and distribution, disease spread, and urban-industrial expansion. To fully understand how human populations affect and are affected by ecological processes, the complex interfaces between ecology and social and economic sciences and policy analyses must be developed to a much greater extent. will require a better understanding of the interactions between the biotic and abiotic components of ecological systems; better integration of population biology with ecosystem science; better synthesis of ecological with evolutionary approaches; and new theoretical and empirical studies that relate patterns across disparate spatial, temporal, and organizational scales.
Recognizing the interrelatedness and common ecological foundations of the three priority areas, we have identified 10 key research topics ( Table  1 ) that further define the three priority areas. The order of presentation of the research topics does not reflect differences in their importance. Instead, each topic represents an integral part of the SBI-fundamental research needed to help solve environmental problems. For each research topic, we have listed examples of the types of research questions that might be addressed. These lists are not intended to be exhaustive, but to suggest the range of ecological research approaches required to address each research topic.
V. RESEARCH RECOMMENDATIONS
Three specific research recommendations emerge from unmet research needs in the three priority areas of the SBI (Fig. 3) .
RESEARCH RECOMMENDATION
Within the topic of global change, insufficient attention has been paid to the ways in which ecological complexity controls global processes. Such key factors as species and habitat diversity, patterns of distribution of ecological assemblages, and differences in the productivity and storage capabilities of different types of ecosystems all influence how the biosphere functions in the Earth system. The role of this ecological complexity must be incorporated if we are to understand global processes.
Within the topic of biological diversity, much of the current effort is devoted to enumerating the species in various habitats and to preserving biotically significant sites. These important efforts lay the groundwork for the research proposed here and must be continued, but two vitally important topics must also be understood. First, it will be necessary to discover to what extent patterns of biological diversity are important in determining the behavior of ecological systems (e.g., responses to climate change, rates of nutrient flows, or responses to pollutants). Only when these relationships are known will it be possible to develop management strategies for maintaining natural and human-dominated ecological systems. Second, it will be necessary to document how ecological processes interact with physical and chemical factors to control or determine biological diversity. Doing so will require investigation of the manner in which individual species interact with and are modified by the abiotic environment on both ecological and evolutionary time scales. Plans for comprehensive programs in the areas of global change and biological diversity are more advanced than those in the area of sustainable ecological systems. Research programs exist to develop specific sustainable natural resources. However, current research efforts are inadequate for dealing with sustainable systems that involve multiple resources, multiple ecosystems, and large spatial scales. Moreover, much of the current research focuses on commodity-based managed systems, with little attention paid to the sustainability of natural ecosystems whose goods and services currently lack a market value. Addressing the topic of sustainable ecological systems will require integration of social, physical, and biological sciences.
These Research Recommendations are made to ecologists, to researchers in related disciplines, and to funding agencies whose interests encompass one or all of the research priority areas. Immediate and long-term research programs and funding for research in these areas is vital to the success of the SBI.
VI. IMPLEMENTATION: AN ACTION PLAN FOR THE ECOLOGICAL SOCIETY OF AMERICA
The Sustainable Biosphere Initiative identifies the research needed to provide the ecological knowledge required for a sustainable biosphere. Successful implementation of the SBI will require a significant increase in research in the three priority areas. Successful implementation will also require interdisciplinary interactions that link ecologists with the broad scientific community, with mass media and educational organizations, and with decision-makers in all sectors of society (Fig. 1) . Obtaining the ecological knowledge needed for a sustainable biosphere necessitates interdisciplinary projects involving collaboration between ecologists and scientists in the natural and social sciences. In addition, achieving a sustainable biosphere will require dissemination and application of ecological knowledge.
Achieving the goals of the SBI will require separate and coordinated activities by scientists and administrators in academia, in government agencies and private organizations, and in business and industry. In this section, we identify specific activities planned by the Ecological Society of America to address the research recommendations and to further develop the educational and environmental decision-making components of the SBI. We also consider the international dimensions of the SBI and the funding needed to implement it. In addition to these activities planned by the Ecological Society of America, implementation of the SBI will require complementary actions by individuals and institutions (Fig. 6) . Individual principal investigators, program managers within Federal agencies, policymakers in governmental and non-governmental organizations, and private foundations hopefully will identify special opportunities within their purview to address the objectives of the SBI.
RESEARCH
It is crucial that modern science preserve a pluralistic approach to solving scientific problems. The research opportunities described herein demand new combinations of scientific disciplines and the application and expansion of recently developed research tools. To address these research priorities most effectively, it is important to draw on a broad base within the research community, permitting ecologists to incorporate new ideas and reevaluate research priorities. ciety of America will plan workshops with the goal of initiating a comprehensive program on sustainable ecological systems, emphasizing the underlying ecological processes that affect the sustainability of natural and managed systems. These workshops will bring ecologists together with experts from related disciplines in the natural and social sciences and with resource-managers and environmental policy-makers to develop projects for immediate initiation.
ACTION ITEM
EDUCATION
The environmental conditions that have mandated the Sustainable Biosphere Initiative also demonstrate the need for ecological education among citizens of today and tomorrow. Understanding and managing the biosphere requires ecological information. There are many strategies for addressing educational needs, such as working with the mass media to increase public awareness of ecological concepts and issues, making ecological literacy a goal of undergraduate curricula, and developing more interdisciplinary graduate degree programs that involve topics necessary for understanding the biosphere. Ecologically literate citizens should know not only the key concepts and principles of ecology, but also the basic processes by which ecological knowledge is acquired and the ways in which science and culture interact. ACTION ITEM #4: During the coming year, the Research Agenda Committee of the Ecological Society of America will oversee the preparation and publication of a non-technical, public education document that articulates the importance of ecology and ecological research to society.
A diversity of strategies should be employed to address the educational needs of students, teachers, the general public, and decision-makers. These include: building ecology into pre-college curricula and teacher-training programs; making ecological literacy a goal of undergraduate education; and working with the mass media to increase public awareness of ecological concepts and issues. Educational efforts for fostering ecological understanding should build on and work with existing programs and initiatives in science and environmental education. Likewise, such efforts must be systematic and sustained. ACTION ITEM #5: During the coming year, the Education Section of the Ecological Society of America will develop systematic, short-and long-term strategies for enhancing ecological knowledge among students and the public.
The Ecological Society of America should determine the human resources needed to conduct the ecological research proposed by the SBI and should examine specific vehicles to address the identified needs, including training grants and career development awards. Innovative professional education programs will be needed at the undergraduate, graduate, and post-doctoral levels to break down social and intellectual boundaries to interdisciplinary research, facilitate students' exposure to diverse biotic and professional environments, introduce students to conceptual advances in subdisciplines of ecology, and promote the incorporation of new technologies in students' emerging research programs. Finally, more opportunities are needed for established ecologists and other scientists to pursue interdisciplinary interactions, learn new techniques, and synthesize ecological knowledge. Thousands of ecologically based decisions are made annually by policy-makers and regulatory agencies, land-and water-use planners, resourcemanagers, business and industry, consulting firms, and conservation groups. To be useful to decision-makers, ecological information must be both accessible and relevant to their mandates and responsibilities. The research component of the SBI is directed toward acquiring the ecological information (i.e., conceptual approaches, methods and tools, and data) needed to assess the status of ecological systems; to anticipate the impacts of management decisions and development options; and to conserve, restore, or manage ecological systems.
The application component of the SBI calls for the development of new institutional structures that will make ecological information more accessible to decision-makers. For example, collaborative programs between management agencies and academic ecologists offer benefits beyond the solution of important applied questions. Agencies benefit from the enthusiasm and innovative ideas of students and postdoctoral fellows; academics are challenged by urgent, complex problems. Training of students in both basic and applied realms will have long-term benefits for the development of ecology. Even the largest scale management projects involve mechanistic experiments and modeling studies that yield the short-term publications needed for career advancement within academia. Thus, the alliance of basic and applied ecology can invigorate academic ecology and strengthen the scientific basis of environmental assessment, rehabilitation, conservation, and management.
Application of ecological knowledge will require better communication between ecologists and decision-makers in all sectors of society. Knowledge transfer must be expedited and interdisciplinary barriers overcome. The experience of management-oriented professional societies in setting environmental priorities will be essential to open new avenues of communication.
ACTION ITEM #6: During the coming year, an organizing committee of the Ecological Society of America will begin to explore ways in which ecologists can become more responsive and bring their expertise more fully to bear on critical environmental problems. This committee will work closely with management-oriented professional societies, resource-managers, and other environmental decision-makers.
INTERNATIONAL DIMENSIONS OF THE SUSTAINABLE BIOSPHERE INITIATIVE
The framework for this Initiative was developed in North America, but the research priorities and the environmental problems related to them are important world-wide. What is needed now is an extension of this initiative into an operational program of global scope. ACTION ITEM #7: During the coming year, the Ecological Society of America will organize a meeting of leading ecologists from many nations of the world to evaluate the SBI and to begin construction of an operational framework for international cooperation.
At the same time there will be efforts to interact with governmental (e.g., UNESCO) and non-governmental (e.g., the International Council of Scientific Unions) international bodies that have programs closely related to the research agenda of the SBI.
FUNDING THE SUSTAINABLE
BIOSPHERE INITIATIVE
Meeting the financial needs of the SBI will require significantly increased funding from both public and private sources. Although there is a wide array of important and rewarding research questions, the SBI has identified those that are of the highest priority for the development of required knowledge and its application to conserving and wisely managing the Earth's resources.
Because of the broad importance of this Initiative, creative approaches to funding research will be required. Typically, public agencies such as the National Science Foundation fund basic research, mission agencies fund research that applies to problems of specific interest to the agency, businesses fund research to answer pressing industry questions, and foundations fund topics or themes of particular interest. The Sustainable Biosphere Initiative encompasses all of these missions, and as a result, must be planned and funded by a range of agencies and organizations.
Current administrative structures are insufficient to coordinate and fund the range of activities envisioned by the SBI. Consequently, it will be necessary to develop a new administrative 
CONCLUDING REMARKS
The ecological research agenda proposed in this document begins with the assumption that advances in understanding basic ecological principles are required to resolve many urgent environmental problems, continues with the identification of three priority areas for intense research efforts, and concludes with actions to be initiated by the Ecological Society of America to strengthen and expand research efforts in these key areas. The success of the Sustainable Biosphere Initiative will depend upon (1) the willingness of individual ecologists to participate in the proposed activities, to disseminate the vision of the SBI, and to plan and execute subsequent phases, and upon (2) the vision and abilities of policy-makers, funding agency administrators, government officials, business and industry leaders, and individual citizens to support, amplify and extend the actions we have initiated. At present, neither the funding nor the infrastructure in this country is sufficient to address the research needs described in this document. Moreover, achievement of a Sustainable Biosphere will require not only the acquisition of ecological knowledge via research, but also the communication of that information and understanding to all citizens and the incorporation of that knowledge into environmental, economic, and political decisions. Although there are formidable barriers to accomplishing these tasks, achieving a Sustainable Biosphere is one of the most important challenges facing humankind today. Time is of the essence. New technologies, widespread appreciation for the magnitude of environmental problems, and an increasing appreciation for the relevance of basic ecological research combine to provide an unprecedented opportunity to make significant progress in achieving a sustainable biosphere. 
